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molecular  weights  of  the  two  gas  streams,  and  with  maximisation 
of  the  efficiency  with  respect  to  outlet  pressure  and  entrainment 
ratio. 


A  considerable  part  of  the  present  report  is  devoted  to  a 
discussion  of  the  existence  and  possible  causes  of  a  second 
maximum  in  the  compression- ratio  curve.  Such  maxima  are 
observed  only  under  certain  conditions  and  their  causes  are  not 
well  understood. 
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Abstract 


Measurements  have  been  made  with  a  new  jet  compressor 
of  different  geometry»  and  are  compared  with  previous  results. 
Efficiencies^  compression  ratios,  and  other  data  are  presented 
for  5  systems  of  gases  ( He:Freon- i  13,  He:C02i  air:Freon*  12, 
air:air,  and  Freon- 12 ;air).  Calculations  of  momentum- flux 
balance  within  the  mixing  tube  have  been  made,  and  various 
results  presented  in  a  previous  report  have  been  confirmed. 
Frig^ionaX  losses  in  the  mixing  tube  are  shown  for  two  different 
apparatuses,  under  several  different  operating  conditions.  The 
existence  of  two  maxima  in  many  of  the  curves  of  compression 
ratio  versus  outlet  pressure  is  pointed  out,  and  possible  causes 
are  discussed.  A  suggested  cause  of  the  second  maximum  is  a 
rapid  reduction  of  shock  loss  in  the  driving  stream,  as  the  accelera 
tion  of  this  stream  to  a  relatively  high  supersonic  velocity  is 
suppressed. 
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EJECTOR  COMPRESSION-RATIO  CURVES  WITH  TWO  MAXIMA: 
SOME  EFFECTS  OF  EJECTOR  GEOMETRY  ON  EFFICIENCY 


1.  Nomenclature  and  Dimens ior^s 


The  nomenclature  of  the  present  report  is  the  same  as  that 
of  the  previous  report  (  1)  and  will  not  be  repeated.  The  present 
report  should  be  read  with  ihe  previous  report  at  hand. 

Our  plan  was  for  the  present  apparatus  to  duplicate  the  first 
except  that  the  mixing  tube  would  be  reduced  2/3  its  former 
width  and  cross  section,  with  other  dimensions  of  the  apparatus 
reduced  only  as  necessary  to  match  the  mixing  tube  and  preserve 
constant-area  mixing,  '^his  plan  was  carried  out,  within 
ordinary  machine-shop  accuracy. 

The  length  of  the  web  separating  the  two  flow  channels  is  hard 
to  control  exactly.  In  the  previous  apparatus  this  web  was  0. 100 
irich  longer  than  intendAd;  in  the  present  apparatus  the  web  was 
shorter  than  intended.  In  the  previous  apparatus  the  pressures 
P|  and  were  measured  0. 100  inch  upstream  from  the  end  of  the 
web,  where  the  divergence  of  the  driving- gas  channel  and  the  con¬ 
vergence  of  the  driven-gas  channel  ended  {except  fer  the  very 
small  change  due  to  the  taper  of  the  web^' 

If  the  two  pressure  taps  with  which  Pg  and  P4  were  measured 
had  in  the  present  apparatus  been  located  at  the  plane  where  the 
divergence  of  the  driving-gas  char r el  ar.<^  the  convergence  of  the 
driven-gas  channel  ended,  they  W'r'ild  been  rcughiy  0.  1  inch 

downstream  from  the  end  of  the  web.  We  were  afraid  ♦he  pressures 
might  be  influenced  by  interaction  betw^e-  the  tv^o  str  eams  at  this 
cross  section;  hence  the  flew  chaniieL-  were  meved  *vith  respect 
to  ths  pressure  taps,  so  that  P^  and  were  measured  at  the  end 
of  the  web.  At  this  cross  section  the  dr.vir.g-gae  channel  was 
still  diverging  slightly  and  the  driven- gas  chan:*»;i  was  still  con¬ 
verging  slightly.  The  small  unintended  difference  in  conditions 
just  described  must  be  kept  in  mind  wher  the  results  of  the  two 
investigations  are  compared. 


The  cross- fection  areas  A§,  A4  and  Ay  were  calculated  from 
their  measured  dimensions •  and  it  was  foxmd  that  A^  •f  A4  was 
slightly  greater  than  Ay.  Since  constant- area  mixing  analysis 
was  to  be  used*  the  measured  values  of  A§  and  A4  were  both 
reduced  by  about  3  per  mille  so  as  to  preserve  the  relation  A§  -f 
A4  *  Ay.  The  values  given  in  the  tabulation  below  are  the  adjusted 
values. 


Driving-fluid  nozzle 
width  s  0. 104  in. 

length  of  converging  part  =  0.  750  in. 
length  of  diverging  part  s  0. 450  in. 
depth  at  entrance  s  0. 165  in. 
depth  at  throat  s  0.  041  in. 
depth  at  exit  s  0.  094  in. 

Driven- fluid  nozsle 

o 

angle  with  mixing  tube  axis  s  5 
width  s  0.  103  in. 

length  of  converging  part  s  1. 100  in. 
depth  at  entrance  s  0. 400  in. 
depth  at  exit  s  0. 105  in. 

Mixing  tube 
width  «  0. 206  in. 
length  s  2.  950  in. 
depth  =  0. 100  in. 

Diffuser 
width  s  0. 206  in. 
length  X  2. 050  in. 
depth  at  entrance  x  0. 100  in. 
depth  at  exit  x  0. 402  in. 

Pres  sure- tap  locations 
Same  as  in  refsiirence  (  i ) .  This  part 
of  the  apparatus  was  not  modified  between 
the  two  series  of  experiments. 


$ 

i 


Areas 
0.  0172  in.  * 

0.  00424  in.  ‘ 

0.  0412  in.  * 

0.  0098  in.  * 

0.  0108  in.  ‘ 

0.  0206  in.  ^ 

0.  0826  in.  ^ 

Area  ratios 
Ai/A*  =  4.  06 
Aj,/A»  =  2.  31 
Aj/A*  =  3.  81 

At/ As  =  1.10 

At/ Ay  =  4.  02 

Z,  Ir..troductioR> 

The  jet  compressor  (ejector)  has  beer,  under  study  in  our 
laboratory  for  several  years.  Our  goal  is  tc  understand  the 
mixing  process  thoroughly*  so  that  we  can  predict  the  conditions 
under  which  the  highest  efficiencies  can  be  reached.  Our  last 
previous  report  (  i)  described  results  obtained  with  our  second 
apparatus.  It  was  a  complete  report  in  which  the  nature  of  the 
flow,  the  momentum* flux  balance,  the  allocation  of  losses,  and 
other  items  of  interest  were  examined  in  detail. 

In  the  present  work,  the  same  experimental  attack  was  used 
with  an  apparatus  of  different  geometry.  Most  of  the  phenomena 
previously  observed  were  seen  again  in  the  present  experiments. 
Some  phenomena  present  in  both  investigations  have  been  studied 
more  carefully  and  are  now  discussed  more*  fully  than  in  the 
previous  report. 

Roughly  the  first  third  of  the  present  report  is  devoted  to  an 
analysis  of  our  new  data  along  the  lines  oi  the  previous  investiga¬ 
tion,  to  permit  a  comparison.  This  part  of  the  report  is  condensed 
and  draws  heavily  on  the  previous  treatment.  The  remainder  of  the 


Aj  - 
A^  r 

A^  = 
A*  = 

A4  r 

Aj  = 

Af  = 
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report  dealt  mainly  with  new  material  and  it  much  mor6  full  and 
complete. 

3.  Experimental  Meaturementt 

The  pretent  study  containt  retulta  for  five  tyatemt  (the 
driven  gat  it  given  firtt) :  He:Freon- 1 13,  He:CO|,  air:Freoa- 12, 
airiair,  and  Freon- i 2^  air. 

Apparatut.  Mott  of  the  apparatus  remained  at  detcribed  in 
reference  ( i).  Thit  wat  the  case  with  the  pressure  taps, 
manometers,  flow- controls,  gas  meters,  and  the  vacuum  pump 
used  to  induce  the  flow.  The  flat  brass  bar  in  which  the  flow 
channels  were  milled  wat  new.  Like  the  bar  that  it  replaced,  thit 
bar  wat  clamped  between  two  brass  plates,  one  of  which  carried 
the  pressure  taps. 

Constant- area  mixing  was  again  used,  that  it,  A§  <f  A4  s  A7. 

The  depths  and  the  bottom  contours  of  all  the  flow  channels  were 
made  the  same  as  before.  In  the  previous  apparatus  the  sine  of 
the  mixing  tube  was  nominally  0.  1  x  0.  3  inch.  In  the  present 
apparatus  this  was  reduced  to  0.  1  x  0.  2  inch.  The^width  of  the 
diffuser  wat  reduced  from  0.  3  to  0.  2  inch;  the  width  of  the  driven- 
gat  channel  was  reduced  from  0.  2  to  0.  1  inch.  No  change  was  made 
in  the  driving- gas  channel. 

The  flow  channels  were  so  located  in  the  bar  that  all  of  the 
previously- used  pressure  taps  communicated  with  it  and  ^re 
usable. 

I 

Procedure  -  Effect  of  varyina  the  outlet  pressure..  Each  run 
wat  made  at  a  constant  entrainment  ratio.  Each  point  of  a  run 
consisted  of  a  set  of  pressure  measurements.  After  each  point  the 
outlet  pressure  Pg  wat  changed.  The  compression  ratio  Pg/Ps  and 
the  efficiency  ^  were  computed  and  plotted  against  outlet  pressure 
Pf  The  compression- ratio  and  efficiency  curvet  for  a  selected 
run  (run  139,  He: Freon- 11 3, cos  0.0066)  are  shown  in  Fig.  1. 

The  compression- ratio  and  the  efficiency  curves  of  the  same  run 
are  always  similar  in  shape;  the  chief  difference  is  that  the 
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ordinates  of  the  efficiency  curve  experience  a  relative  increase  as 
Pi  increases.  The  curves  in  Fig.  1  are  smooth  and  regular; 
some  of  the  curves  for  other  runs  showed  additional,  sharper  dips 
or  irregularities. 

The  various  regimes  of  flow.  In  reference  (1)  the  four 
regimes  of  flow  believed  to  exist  in  a  jet  compressor  were  described, 
with  ideas  and  evidence  drawn  both  from  our  own  work  and  that 
of  others.  These  regimens  are  (1)  supersonic,  (2)  mixed,  (3) 
mixed  with  separation,  and  (4)  saturated  supersonic.  With  low 
outlet  pressure  Pg  the  supersonic  regime  is  usually  obtained.  As 
P|  is  raised  in  a  typical  run,  the  supersonic  regime  is  replaced  by 
the  mixed  regime.  As  Pg  is  raised  fvirther,  the  mixed  regime 
yields  to  the  mixed  regime  with  separation.  The  separation  here 
referred  to  takes  place  in  the  driving* gas  nozzle.  The  saturated 
supersonic  regime  has  not  been  realized  in  any  of  our  experiments; 
in  it  the  flow  of  driven  fluid  is  sonic  at  the  entrance  to  the  mixing 
tube.  The  flow  of  driven  fluid  is  therefore  limited  at  this  point 
and  not  at  some  cross  section  downstream  within  the  mixing  tube 
as  is  the  case  in  nonsaturated  supersonic  flow. 

In  Fig.  1,  the  pressure  at  which  the  transition  from  the  super¬ 
sonic  to  the  mixed  regime  takes  place  is  indicated.  The  nearly 
straight  rise  of  Pt/Pg  in  the  supersonic  regime  occurs  because  Pg 
remains  constant,  isolated  from  P|  by  supersonic  flow  attached  to 
the  walls  of  the  mixing  tube.  At  the  peak,  the  flow  begins  to 
detach  and  Pj  begins  to  rise,  causing  Pg/Pg  to  fall.  The  transition 
to  the  mixed  regime  is  not  sharp;  it  occurs  somewhere  on  the 
downward  slope  after  the  first  maximum. 

Two  maxima  in  the  compression  ratio.  In  Fig.  1,  as  Pg  is 
raised,  the  compression  ratio  Pg/Pj  falls  to  a  minimum  after  the 
first  maximuni  is  passed,  and  rises  again  to  a  second  maximum. 

The  efficiency  ^behaves  in  the  same  way.  In  fact,  the  efficiency 
when  plotted  versus  the  outlet  pressure  often  showed  more  than  two 
maxima.  The  compression  ratio  only  occasionally  showed  evidence 
of  more  than  two  maxima.  Many  runs  showed  only  a  single  maxi¬ 
mum  in  both  the  compression  ratio  and  the  efficiency  curves. 
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Since  our  principal  interest  is  in  effic  *  S  w  f  each 
efficiency  curve  was  examined,  and  points  of  maximum  efficiency 
were  tabulated.  The  efficiencies  are  given  in  Table  I,  together 
with  point  numbers,  compression  ratios,  and  other  relevant  data 
for  the  various  maxima.  A  few  runs  were  made  at  zero  entrain¬ 
ment;  for  these  the  efficiency  is  of  course  zero  and  the  point  of 
maximum  Ps/Pj  has  been  tabulated.  The  arrangement  is  by 
systems  (  e.  g.<iHe;Freon- 1 13) ,  and  ir  order  of  increasing 
entrainment  ratio  with  each  system.  When  there  is  more  than 
one  maximum  at  the  same  entrainment  ratio,  the  arrangement  is 
ir.  order  of  increasing  outlet  pressure.  The  present  experiments 
comprised  runs  S9  tc  150,  and  207  -  210,  but  run?  39,  90  and  125 
are  omitted  from  the  table  because  of  incomplete  data  or 
uncertainty  in  experimental  conditions. 

An  attempt  has  been  made  to  group  the  maxima  into  families. 
This  is  relatively  easy  in  the  supersonic  regime;  the  maxima 
from  this  regime  are  designated  by  the  letter  S.  In  the  mixed 
regime,  including  the  mixed  regime  with  separation,  there  appear 
to  be  two  or  perhaps  three  familiestof  maxima  for  some  systems 
of  gases.  Ir  these  cases  the  most  important  family  is  designated 
by  the  letter  M,  aid  the  next  most  important  by  A  (auxiliary 
system).  ^ 

Auxiliary  families  of  maxima  were  fairly  obvious  in  the 
curves  for  the  sytems  HejFreon- 1 1?  and  air :Freon- 12.  These 
families  are  included  in  Tabic  X.  Some,  but  rot  all,  of  the  addition¬ 
al  maxima  not  designated  S,  M,  ci  A  are  also  'ntiuded,  with  a  ques¬ 
tion  mark  to  indicate  uncertainty  as  to  what  family  they  should  be 
assigned  to. 

At  sharp  peaks,  the  maximum  eff  cier.ov  .md  the  maximum 
compression  ratio  almost  always  coircide,  at  broad  peaks  the 
maximum  compression  ratio  sometimes  come?  at  one  point  and 
the  maximum  efficiency  at  the  point  of  next  higher  P^.  Except  for 
the  runs  made  at  zero  er.tr ainmiCct,  which  v'ere  mor.ticred  earlier, 
all  points  in  Table  I  repre^en*  peaks  ir.  the  cy  curve.  Only 

the  point  or  points  at  maxima  are  included,  the  rest  of  the  points  of 


t 


TABLE  L  HIGHBST  EmciENCIES  ACHIEVED  BY  VARYING  Pg  AT  CONSTANT  tf(f)  *  •  ) 

^  '  'max' 


Run  A 

Point 

mi 

Ibm  hi 

0.*  9  max 

•  1 

Pi 

mm  Hg 

P»  Pi 

mm  mm  Hg 

P./P. 

pg/p. 

Pt/P%  Ragimc 

a.  Ha:Fraon-113 

141.3 

2.410 

0  0 

152.0 

14.5 

34.91 

.2297 

2.400 

.741 

S 

120.  S 

2.426 

.0029  .  0025 

152.5 

17.5 

35. 09 

.2353 

2.051 

S 

.  13 

2.426 

.0029  .0516 

152.5 

50.0 

66.  63 

.4369 

1.333 

M 

U9.4 

2.426 

.0049  .1112 

152.5 

20.0 

36. 00 

.2366 

i.804 

S 

.14 

2.426 

.0049  .0022 

152.5 

50.0 

65.02 

.4316 

1.316 

M 

139.3 

2.410 

.0066  .1222 

152.0 

23.0 

37. 22 

.2449 

1.610 

S 

.  13 

2.410 

.0066  .1006 

152.0 

47.0 

62.43 

.4107 

1.  328 

M 

i22.5 

2.434 

.0070  .1237 

153.0 

25.0 

37.  76 

.2460 

1.  510 

S 

.  12 

2.410 

.0000  .1104 

152.0 

39.5 

52.49 

.3453 

1.329 

A 

.  15 

2. 410 

.0000  .1233 

152.0 

47.5 

62. 18 

.4091 

1.  309 

M 

142.6 

2.410 

.0000  .U91 

152.0 

20.5 

40.09 

.2630 

1.407 

S 

.  16 

2.410 

.0009  .1351 

152.0 

45.5 

60.02 

.3949 

1.319 

M 

210.5 

2.405 

.0090  .1173 

151.2 

25.7 

36.54 

.2417 

1.422 

1. 159 

? 

.17 

2. 431 

.0009  .1222 

152.0 

29.6 

41.55 

.2719 

1.404 

1.161 

S 

.23 

2. 421 

.0090  .1209 

152.2 

40.9 

53.  72 

.3530 

1.314 

1.  065 

A 

.27 

2.424 

.0090  .1362 

152.4 

45.5 

59. 90 

.3936 

1.318 

L017 

M 

123.6 

2. 434 

.0093  .U62 

153.0 

29.0 

39. 90 

.2608 

1.  376 

S 

.12 

2. 410 

.0094  .1356 

152.0 

40.5  ' 

62.40 

.4105 

1.287 

M 

140. 10 

2. 410 

.0101  .1195 

152.0 

40.0 

51.43 

.3304 

1.286 

A 

.14 

2. 410 

.  0101  . 1406 

152.0 

40.0 

61.54 

.4049 

1.282 

M 

121.0 

2.426 

.  0105  . 1226 

152.5 

39.0 

50.23 

.3294 

1.288 

A 

.11 

2. 410 

.0106  .1461 

152.0 

46.5 

59. 05 

.3930 

1.287 

M 

130.6 

2.434 

.0122  .1260 

153.0 

41.0 

51.25 

.3350 

1.250 

A 

.  10 

2.410 

.  0U3  . 1592 

151.5 

46.5 

59. 10 

.3901 

1.271 

M 

136.9 

2.434 

.0140  .1594 

133.0 

51.5 

62. 96 

.4115 

1. 222 

1.035 

M 

124.0 

2.426 

.  0163  . 1626 

152.5 

57.5 

67.66 

.4437 

1.  177 

M 

143.9 

2.410 

.  0105  . 1604 

152.0 

65.5 

74.  60 

.4913 

1.140 

1. 023 

U 
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TABLE  1  ^Continued) 
Run  It 


Point 

mi 

Ibm  hr. 

.1 

T)  max 

p.  p. 

mm  Hg  mm 

p.  p./Pi 

Hg  mmHg 

P./P, 

p»/p. 

Regime 

a.  He : Freon- 113  (cont. ) 

137.9 

2.426 

.0201 

.1729 

152.  5 

67.0 

75.  72 

.4965 

1.130 

M 

144.9 

2.418 

.0215 

.1655 

152.0 

64.0 

71.94 

.4733 

1.  124 

M 

il8.4 

2.418 

.0275 

.  1226 

152.0 

67.  5 

72.25 

.4753 

1.070 

M 

b.  He:C02 

134.4 

2.420 

0 

0 

245.0 

21.  5 

47.  54 

.  1940 

2.211 

.931 

M 

131.  7 

2.428 

.0079 

.0390 

250.  5 

38.0 

61.  76 

.2465 

1.  625 

1.045 

M 

129.10 

2.428 

.0151 

.0610 

248.0 

57.5 

80.  74 

.  3256 

1.404 

M 

127.  13 

2.424 

.0261 

.0856 

253.0 

66.5 

86.91 

.  3435 

1.307 

M 

128. 12 

2.424 

.0402 

.1044 

245.  5 

90.5 

107.46 

.4377 

1. 187 

M 

135. 10 

2.416 

.0497 

.1083 

249.5 

98.5 

113.21 

.4537 

1.149 

1.  019 

M 

126.  11 

2.416 

.0540 

.  1079 

248.0 

96.5 

no.  04 

.4437 

1. 140 

M 

130.9 

2.416 

.0721 

.0925 

252.0 

108.0 

117.  08 

.4646 

1.084 

M 

132.  7 

2.420 

.0805 

.0741 

251.  5 

112.5 

119.08 

.4735 

1.058 

M 

133.  6 

2.416 

.0873 

.0563 

251.0 

115.  5 

120. 15 

.4787 

1.040 

1.  030 

M 

c.  Air:Freon-12 

207.  6 

2.345 

0 

0 

176.2 

13.8 

39.22 

.2226 

2.  842 

.662 

S 

208.7 

2.  336 

0 

0 

154.9 

12.4 

37.  14 

.2398 

2.995 

.  641 

S 

209.  3 

2.334 

0 

0 

169.7 

13.6 

37.  88 

.2232 

2.786 

.640 

s 

105.4 

2.  342 

0 

0 

166.  5 

15.0 

37.92 

.2277 

2.528 

.738 

s 
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TABLE  i  V  Continued) 
Bun  k 


Point 

Rli  U 

Ibnrt  hr"* 

i|mnx 

P| 

mm  Hg 

Pi  p* 

mm  mm  Hg 

p./Pi 

1 

\ 

pjp. 

pj/p. 

Regime 

c.  < 

Air:Freon<-12  (cont. ) 

103.3 

2.  339 

.0100 

.0202 

165.5 

16.0 

36.60 

.2211 

2.288 

.795 

S 

.  11 

2.  350 

.0099 

.0160 

166.0 

46.5 

65.  38 

.3939 

1.406 

1.029 

M 

102.7 

2.  342 

.0201 

.0490 

165.0 

18.0 

37. 01 

.2243 

2.  056 

S 

91.11 

2.  342 

.0321 

.0652 

166.0 

22.0 

39.64 

.2388 

1.802 

1.037 

S 

.20 

2.  345 

.0316 

.0493 

166.5 

41.0 

58.25 

.3498 

1.421 

1.033 

M 

104.5 

2.  339 

.0419 

.0703 

167.0 

22.0 

38. 41 

.2300 

1.746 

S 

.12 

2.  336 

.0420 

.0614 

167.0 

43.0 

59.  50 

.3563 

1.384 

A 

.14 

2.  339 

.0419 

.0612 

167.  5 

51.5 

68.49 

.4089 

1.330 

M 

106.5 

2.  347 

.0462 

.0707 

165.5 

23.5 

38.93 

.2352 

1.657 

1.140 

S 

.10 

2.  350 

.0460 

.0662 

165.5 

41.0 

56. 98 

.3443 

1.390 

1.  025 

A 

.  13 

2.  347 

.0459 

.0666 

166.0 

53.0 

69. 80 

.4205 

1.317 

1.036 

M 

93.6 

2.  339 

.0521 

.0766 

162.5 

25.5 

39.  30 

.2418 

1.541 

1.128 

S 

.11 

2.  336 

.0520 

.0697 

163.0 

42.5 

57. 47 

.3526 

1.352 

1.  030 

A 

.13 

2.  339 

.0519 

.0704 

163.0 

51.5 

67. 06 

.4114 

1.  302 

1.031 

M 

92. 13 

2.  353 

.0646 

.0790 

164.  5 

40.0 

53. 83 

.3272 

1.346 

A 

.16 

2.  345 

.0649 

.0631 

165.  5 

55.0 

70.  07 

.4234 

1.274 

M 

94.10 

2.  339 

.0720 

.0035 

165.0 

41.5 

54.  72 

.3316 

1.318 

A 

.  13 

2.  345 

.0720 

.0094 

165.0 

54.0 

68.61 

.4158 

1.271 

M 

95.5 

2.  336 

.0799 

.0820 

166.0 

35.5 

46.  86 

.2823 

1.320 

1.  070 

? 

.11 

2.  339 

.0799 

.0925 

166.5 

55.0 

68.90 

.4138 

1.253 

1.  033 

M 

96.6 

2.  339 

.0197 

.0824 

167.5 

36.5 

46.  92 

.2801 

1.285 

? 

.  12 

2.  339 

.0097 

.0985 

167.5 

52.5 

65.  78 

.3927 

1.253 

M 

97.12 

2.  339 

.1052 

.1030 

167.5 

60.5 

72.  58 

.4333 

1.200 

M 

9t.l0 

2.  345 

.  1193 

.1068 

168.5 

57.5 

68.  70 

.4077 

1.195 

1.041 

M 

99. 10 

2.342 

.1349 

.1069 

168.0 

61.0 

7i.03 

.4228 

1.164 

M 

100.7 

2.  339 

.1494 

.1055 

166.5 

56.0 

64. 92 

.3899 

1.159 

M 

10L7 

2.  347 

.1697 

.0966 

167.0 

62.0 

69.  36 

.4153 

1.119 

1.055 

M 
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TAB1«E  1  ( Continued) 
Run  4c 


Point 

m, 

Ibm  hr 

(a) 

-1  ^ 

Tjmax 

miVi  Hg 

Pj  Pi 

mm  Hg  mm  Hg 

p./Pi 

Pi/p. 

Pi/p. 

Regime 

d. 

Air:Air 

117.9 

2.421 

0 

0 

334.5 

30.0 

62.  62 

.1872 

2.087 

.967 

M 

116.8 

2.421 

.0246 

.0123 

339.0 

50.0 

84.  83 

.2502 

1.  697 

M 

115.9 

2.425 

.0501 

.0222 

340.  5 

59.0 

92.  66 

.2721 

1.  570 

M 

108. 12 

2.421 

.0805 

.0322 

337.0 

68.0 

100.  22 

.2974 

1.474 

M 

107.  U 

2.421 

.1201 

.0417 

339.0 

80.0 

1 10.  04 

.3246 

1.376 

1.  015 

M 

109. 14 

2.413 

.1600 

.0490 

333.5 

87.5 

114.  74 

.  3440 

1.  311 

M 

110. 13 

2.417 

.1998 

.0551 

334.5 

92.0 

117. 13 

.3502 

1.273 

1.018 

M 

IIL  11 

2.425 

.2406 

.  0580 

334.  5 

97.5 

119.  99 

.  3587 

i.231 

M 

.  14 

2.421 

.2404 

.0552 

335.0 

114.0 

136.17 

.4065 

1.194 

A 

112.9 

2.421 

.2798 

.0582 

334.5 

98.5 

118. 19 

.  3533 

1.200 

M 

.12 

2.421 

.2798 

.0563 

335.  5 

117.0 

136.  73 

.4075 

1. 169 

A 

113.  6 

2.425 

.3294 

.0538 

339.0 

99.0 

114.  88 

.3389 

1.160 

M 

.  10 

2.429 

.3289 

.0556 

340.0 

119.0 

135.  99 

.4000 

1. 143 

A 

114.6 

2.421 

.3711 

.0481 

342.0 

105.  5 

118.  52 

.3466 

1.  123 

M 

.  10 

2.429 

.3684 

.0525 

342.5 

119.0 

133.  61 

.  3901 

1. 123 

A 

e. 

Freon- 

12:Air 

150.8 

2.421 

.2322 

.0176 

339.5 

85.0 

113.  81 

.  3352 

1.  339 

M 

148.6 

2.421 

.  3476 

.  0215 

337.0 

89.0 

112.  92 

.  3351 

1.269 

M 

147.  11 

2.429 

.4478 

.0226 

343.5 

119.0 

140.  32 

.4085 

1. 179 

M 

149. 15 

2.421 

.  5238 

.0230 

340.5 

113.5 

132.  02 

.  3877 

1. 163 

1.050 

M 

.13 

2.421 

.  5238 

.  0200 

345.0 

197.0 

211.  84 

.6140 

1.075 

1.059 

? 

145. 14 

2.417 

.5923 

.0229 

338.0 

137.  5 

153.97 

.4555 

1.120 

M 

146. 10 

2.413 

.6981 

.  0216 

338.0 

141.  5 

154.  78 

.4579 

1.  094 

M 
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•ach  run  hava  baen  omittad  to  save  space.  Points  ware  takan 
closa  togathar  naar  maxima*  so  that  one  of  the  observed  points 
would  be  a  good  approximation  to  the  true  maximum.  The  taMa 
contains  the  results  of  63  runs. 

Incomplatanass  of  the  four*raaima  picture.  The  general 
description  of  flow  in  a  jet  compressor  given  in  our  previous 
report  ( 1)  *  and  briefly  summarised  above  does  not  explain  all 
the  details  of  our  observations.  The  rise  of  Pg/Pi  to  its  first 
maximum  and  its  subsequent  fall  is  explained  by  the  transition 
from  the  supersonic  regime  to  the  mixed  regime.  But  the  exis¬ 
tence  of  a  second  maximum*  and  the  cauee  of  the  rise  to  this 
maximum  are  not  obviously  predicted  by  the  4- regime  picture. 

Lines  of  constant  Pj  have  been  drawn  in  Fig.  1.  When  the 
flow  is  choked*  so  that  there  is  no  influence  of  downstream 
conditions  on  upstream  conditions*  P^  will  remain  constant  as  P« 
rises*  and  the  compression  ratio  P$/Pt  will  rise  along  a  line  of 
constant  P|.  In  Fig.l»  the  rise  to  the  first  maximum  does  take 
place  along  a  line  of  constant  P|.  The  rise  to  the  second  maximum 
is  not  so  steep.  In  this  region  the  flow  behaved  as  if  it  were  nearly* 
but  not  entirely  choked.  In  some  runs  exhibiting  second  maxima 
there  was  actually  a  small  region  of  true  choking*  in  which  Pj 
did  not  change  at  all. 

Perhaps  the  first  question  to  ask  is  whether  the  second 
maximum  in  the  compression  ratio  is  associated  with  choking  at 
the  mixing- tube  exit.  This  does  not  appear  to  be  the  ease.  Regimes 
of  flow  and  changes  in  flow  patterns  are  discussed  further  in  section 
9  of  this  paper. 

Effect  of  varying  the  entrainment  ratio.  By  selecting  the 
points  given  in  Table  1*  we  have  maximised  efficiency  with  respect 
to  outlet  pressure*  for  every  system  and  every  fixed  entrainment 
ratio  studied. 

We  next  wish  to  consider  the  entrainment  ratio  a>  as  an 
independent  variable*  and  find  the  maximum  efficiency  attainable 
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when  both  P%  ando)  are  varied.  To  accomplish  this,  the 
efficiencies  given  in  Table  1,  and  belonging  to  either  the 

supersonic  (^o^  the  mixed  (M)  families,  have  beer,  plotted 
against  co  in  Fig.  2.  This  graph  is  similar  to  Fig.  5  of 
reference  ( 1) . 

The  points  marked  S  in  Table  I  will  be  found  in  the  curves 
labeled  S  in  Fig.  2,  and  similarly  the  points  marked  M  will  be 
found  in  the  curves  labeled  M.  Tc  avoid  crowd^ig  the  graph,  the 
points  marked  A  and  the  points  marked  '*  ?  :n  Tab.e  I  have  not 
been  plotted  in  Fig.  2.  However,  the  points  of  each  A- family 
fall  on  a  curve  comparable  in  smorthness  to  the  S  and  M  curves. 

Effect  of  using  different  gases.  We  have  previously  found 
that  the  molecular-weight  ratio  of  the  two  gases  1  Wo.  /W;  -  driver./ 
driving)  has  a  strong  influence  on  the  efficiencies  obtained.  The 
present  results  fit  into  the  same  pattern.  The  highest  efficiencies 
obtained  for  each  system  car.  be  selected  from  thos^  in  Table  I;  in 
Fig.  2  they  are  of  course  the  peaks  of  the  varicus  cur'^es. 

In  Table  II  the  points  corresponding  to  these  peak- 
efficiencies  are  given,  together  with  other  data  showing  the 
conditions  under  which  the  maximum  efficitrcies  wer«3  achieved. 

The  efficiencies  in  this  table  are  designated  to  indicate  that 
they  are  maxima  found  by  varying^wo  quart't  es  ir.dependentlv: 
outlet  pressure  Pg  and  entrainmert  ratio  . 

Figure  3  is  a  plot  of  some  of  the  data  io  Table  I.h  It 

shows  n-  as  a  function  of  the  molecular  weight  ratic.  W  y'W,. 
Appropriate  data  from  the  results  of  our  tv/o  previous  investigations 
have  also  been  plotted  in  Fig.  3,  for  compa’-ison.  Comm*’ntF  on  the 
effect  of  jet- compressor  geometry  on  e-tfic’ev.::/  w:.l]  be  made  la*:er. 

4,  Momentum-  Flux  Balance  for  Run  91 

Calculations  of  the  equivalent  momentum- flux  at  the  entrance 
and  exit  of  the  mixing  tube  have  been  made  for  five  selected  runs. 
The  equivalent  momentum- flux  cf  a  stream  is  defined  as  niu  PA, 


Table  II.  Highest  efficiency  ifs  achieved  by  varying  both  outlet  pressure  and  entrainment  ratio 
for  each  system  studied. 


•  •  •  •  • 

It  .O  U  *0  o 
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Fig.  2.  Maximum  efficiency  (t|  versus  entrain*nent  ratio.  Each  plotted  point  is  the  maximum  value  from 

an  efficiency  curve  such  as  the  one  plotted  in  Fig.  1. 


Efficiency 


Fig.  3.  Maximum  afficiancy  varaua  molecular -waight  ratio  (driven/driving) 
of  tha  gaaaa  usad*  for  thraa  apparatuaas.  Each  plottad  point 
rapraaanta  tha  maximum  efficiency  found  by  varying  both  P$  and  ca. 
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>  in  the  previous  report.  Since  the  control  volume  is  a  channel 
of  constant  cross-section  area,  the  equivalent  momentum-flux  at 
the  exit  should  equal  that  at  the  entrance,  except  for  friction  loss. 

A  lack  of  equality  between  input  and  output  after  friction  is  taken 
into  account  indicates  that  our  model  of  the  flow  is  inaccurate  or 
insufficiently  refined. 

The  results  of  calculations  for  run  91»  a  typical  run  on  the 
system  air:Freon- 12,  will  now  be  presented,  using  the  same  methods 
used  in  reference  ( i).  The  control  volume  was  the  mixing  tube;  the 
entrance  plane  was  that 'ik^iwhich  the  two  streams  first  made  contact; 
the  exit  plane  was  just  beiore  the  beginning  of  the  diffuser.  The 
velocities  were  calculated  from  the  pressures  observed  at  the 
channel  walls,  using  the  known  stream  constants. 

One-dimensional  calculations.  The  results  obtained  when  one¬ 
dimensional  theory  was  used  are  shown  ir  Fig.  4  by  H^e  curves 
labeled  "  Uncorrected"  ,  and  "  Output"  .  For  low  values  of  Pg,  the 
input  (uncorrected)  lies  above  the  calculated  output,  as  we  know 
it  should.  But  near  P$  -  62  mm  Hg  the  irput  curve  drops  below 
the  output  curve.  The  same  behavior  was  observed  in  the  previous 
investigation. 

Calculations  with  separation  assumed.  In  the  previous  investi¬ 
gation,  it  was  assumed  that  separation  existed  in  the  driving- gas 
nozzle,  and  a  method  was  developed  for  calculating  the  fraction  x 
of  the  nozzle  outlet  to  which  the  net  flow  was  confined.  The 
assumption  of  separation  increased  the  calculated  input  so  that  the 
impossible  situation  of  output  exceeding  input  was  avoided. 

The  same  procedure  was  tried  for  run  91,  using  the  method  of 
determining  x  that  had  previously  been  employed.  Again  the  result 
was  quite  gratifying,  as  shown  by  the  input  curve  in  Fig.  4  labeled 
"  With  Separation"  .  This  curve  forms  a  smooth  continuation  of 
the  one- dimensional  input  curve  from  Pg  =  42  mm  Hg  upward, 
and  parallels  the  output  curve  quite  nicely. 
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Outitt  Prttturt,  P,,  mmHg 


Fig.  4.  Various  obaarvad  or  calculatad  quantitiaa  for  run  91  at  funcUona 

of  outlat  praaaura.  From  bottom  to  top:  output  and  input  aquivalant 
momantum  flux»  tha  lattar  according  to  various  mathoda  of  calcula¬ 
tion;  praaauraa  at  tha  baginning  of  mixing,  Pg  and  Pg;  fraction  x  of 
A§  carrying  tha  aaparatad  flow;  and  Pg/Pt*  tha  mixing-prassura  ratio. 
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Friction  in  the  mixing  tube.  It  is  of  interest  to  see  if  the 
remaining  difference  between  output  and  input,  after  separation  is 
taken  into  account,  can  reasonably  be  accounted  for  by  friction.  As 
pointed  out  in  the  previous  report  ( 1),  conditions  foxythe  calculation 
of  friction  are  very  poor  in  the  mixing  tube  of  a  jet  compressor.  We 
havcw  nonetheless,  made  calculations  by  the  methods  previously 
described.  The  calculated  friction  loss  in  equivalent  momentum 
flux  has  been  subtracted  from  the  calculated  input;  the  result 
is  plotted  in  Fig.  4  as  the  curve  labeled  "  With  Sepn.  St  Fr*' . 

As  in  reference  ( i)  the  calculated  friction  loss  is  too  small  to  give 
good  agreement  between  calculated  input  and  output. 

Alternative  methods  of  calculating  friction.  Using  the  da^of 
run  91,  we  experimented  with  two  modified  methods  of  calculating 
friction  loss.  One  of  these  was  a  method  proposed  by  Peters  and 
Wehofer  (2)  in  which  the  input  conditions  are  assumed  to  exist 
throughout  the  first  half  of  the  mixing  tube.  At  the  middle  of  the 
tube  the  velocities  are  assumed  to  drop  to  a  level  where  friction  is 
negligible.  This  should  overestimate  the  friction  in  the  first  half 
of  the  tube  and  underestimate  it  in  the  last  half,  and  could  conceiv¬ 
ably  give  a  correct  answer  for  the  total.  Friction  loss  calculated  in 
this  way  was  on  the  average  about  equal  to  that  shown  in  Fig.  4. 
However,  the  Peters  and  Wehofer  method  gave  lower  values  of 
friction  at  low  P|*s  and  higher  values  of  friction  at  high  P^U  than 
our  usual  method  of  calculation. 

In  the  second  of  the  modified  methods  of  attack  or.  the  friction 
problem,  the  mixing  tube,  instead  of  being  treated  as  a  single 
region,  was  considered  as  made  up  of  sccticns,  each  associated 
with  one  of  the  pressure  taps.  The  velocity,  Reynolds  number, 
friction  coefficient,  md  friction  loss  were  computed  separately  for 
each  section  of  the  tube,  and  the  iossej  were  finally  summed  to  get 
the  total  friction  loss.  Three  points  were  calculated  by  this  method: 
one  at  low  Pj,  one  near  the  onset  of  separation,  and  one  at  high  Pq. 
At  the  low  pressure,  agreement  between  irput  and  output  was 
substantially  better  than  that  given  by  either  the  previously 
described  methods  of  computing  friction.  At  the  intermediate 
pressure,  the  advantage  of  the  method  was  less  pronounced,  and  at 
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th«  high  pr«ssurt  there  wee  no  improvement.  Since  the  computations 
are  very  laborious,  only  theie  three  points  were  calculated. 

5.  Momentum-  Flux  Balance  for  Run  210 


As  a  second  example  of  the  calculation  of  equivalent  momentum- 
flux,  run  210  will  be  discussed.  This  run  is  on  the  system  He:Freon- 
113.  All  the  other  runs  of  the  present  investigation  for  which 
momentum- flux  calculations  were  made  were  on  the  system  air: 
Freon- 12.  Run  210  was  made  much  later  than  the  rest;  in  it  38 
points  (an  unusually  large  number)  were  observed.  For  this  run 
a  cathetometer  was  used  to  measure  the  mercury  column  heights; 
this  reduced  the  scattering  in  the  observed  pressures,  which  was 
^  0.  5  mms<  Hg  when  the  cathetometer  was  not  used. 

The  calculations  for  rxm  210  were  performed  in  the  same  way 
as  those  of  the  preceding  section.  The  results  are  shown  in  Fig.  5. 
There  were  so  many  plotted  points,  lying  so  close  together,  that 
only  the  smooth  curves  drawn  through  them  are  shown.  The  output 
and  input  calculated  one -dimensionally  cross  at  P|  s  53  mm  Hg. 
Separation  was  assumed  to  be  the  cause,  and  a  calculation  involving 
separation  was  made.  The  four  points  of  lowest  P|  were  assumed  to 
be  unaffected  by  separation:  basing  the  separation  correction  on  them 
the  curve  marked  "with  separation"  shown  in  Fig.  5  was  obtained. 

As  usual,  the  input  calculated  on  the  basis  of  separation  parallels 
the  output  curve  satisfactorily. 

The  usual  calculation  of  loss  of  equivalent  momentum-flux 
within  the  control  volume  by  friction  was  made;  the  result  of 
subtracting  friction  from  the  input  (corrected  for  separation)  is 
shown  in  Fig.  5.  The  subtraction  of  friction,  as  usual,  lowers  the 
input  curve  part  way  to  the  output  curve,  but  not  far  enough  to  give 
good  agreement. 

6.  Comparison  of  Momentum- Flux  Data  for  All  Runs  Calculated 

So  far,  calculations  of  equivalent  momentum- flux  balance  have 
been  made  for  10  selected  runs.  Five  of  these  runs  were  made  with 
the  present  apparatus:  the  two  described  above  (runs  91  and  210), 
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Fig.  5.  This  figure  shows  the  same  items  as  Fig.  4,  but  is  for  a  different  run. 
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plus  runs  93i  98,  add  105.  The  other  five  runs:  16,  19,  23,  45,  and 
49»  were  made  during  the  previous  investigation  (1).  In  all  8D 
of  these  runs  a  discrepancy  between  calculated  input  and  output  has 
remained,  after  taking  separation  and  friction  into  account.  Most  of 
this  discrepancy  could  be  removed  by  making  a  larger  allowance  for 
friction,  but  there  is  no  obvious  reason  for  increasing  this  allowance. 

An  alternative  way  to  remove  the  discrepancy  is  to  assume  non- 
uniform  flow  at  the  exit  plane  of  the  control  volume.  Nonuniform 
velocity  increases  the  output  of  equivalent  momentum-flux  above  that 
of  the  assumed  one- dimensional  flow.  Some  studies  were  made  to 
determine  how  much  nonuniformity  wouiki  be  required  to  bring  output 
plus  frictioneloss  up  to  the  level  of  input.  The  nonuniformity 
required  seems  large,  but  we  incline  to  the  belief  that  substantial 
nonuniformity  exists.  Since  the  extent  of  nonuniformity  is  still 
somewhat  speculative,  no  quantitative  estimates  will  be  given  at 
this  time. 

Momentum-flux  losses  in  the  mixin£  tube.  The  10  runs  now  cal¬ 
culated  permit  some  conclusions  to  be  drawn  regarding  losses.  The 
equivalent  momentum- flux  at  the  control -volume  exit,  calculated 
one-dimensionally  as  always, has  been  divided  by  the  equivalent 
momentum- flux  at  the  control- volume  entrance,  calculated  with 
separation  assumed.  The  resulting  ratio  of  output  to  input  flux  is 
plotted  versus  P|  in  Fig.  6.  Note  that  this  ratio  depends  on  the 
flow*  model  adopted  at  the  entrance  and  exit  but  is  independent 
of  any  assumptions  about  friction.  A  high  value  of  the  ratio  is 
desirable;  it  indicates  a  low  friction  loss.  The  figure  shows  that 
friction  destroys  25  percent  or  more  of  the  equivalent  momentum- 
flux  when  Pf  is  small  and  the  gas  velocities  in  the  mixing  tube  are 
high;  but  only  about  10  percent  at  high  values  of  Pg,  which  correspond 
to  low  velocities  in  the  mixing  tube.  Unfortunately,  the  compression 
ratio  Ps/Pf  falls  off  at  high  values  of  Pg,  so  that  jet  compressors 
operating  in  this  region  are  likely  not  to  be  very  useful  in  practical 
applications. 

Comparison  of  losses  in  two  apparatuses.  The  only  systen 
calculated  for  both  apparatuses  was  air:Freon- 12.  The  losses  were 
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Fig.  6.  Lots  of  equivalent  momentum* flux  within  the  mixing  tube,  for  several 

systems  of  gases  at  various  entrainment  ratios,  and  for  two  apparatuses. 
The  equivalent  momentum-flux  at  the  mixing-tube  exit  has  been  a..icled 
by  that  at  the  mixing- tube  entrance,  and  the  result  plotted  versus  outlet 
pressure. 
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lower  (curve#  are  higher)  for  the  previous  apparatus  than  the  present, 
though  one  of  the  two  curves  for  the  previous  apparatus  (run  16) 
crosses  some  of  the  curve  for  the  present  apparatus. 
difference  between  the  two  apparatuses  was  that  the  previous  hau  a 
mixing  tube  with  dimensions  nominally  0.  i  x  0.  3  inch«iil||;thee«es - 
the  present  was  nominally  0.  i  x  0.  2  inch. We  had  expected  the 
smaller  tube  to  show  larger  friction  losses;  this  expectation  was 
confirmed,  but  not  very  conclusively. 

Comparison  of  losses  in  different  systems  of  gases.  For  the 
present  apparatus,  two  systems  were  calculated:  He. Freon-  ii3 
and  air:Freon- 12.  The  first  of  these  systems  showed  the  smaller 
losses  of  equivalent  momentum  -flux.  We  had  expected  that  the 
heavier,  and  hence  the  slower- moving,  driving  gases  would  be 
found  in  the  systems  that  showed  the  least  friction  loss.  Such  is  the 
case  for  the  two  systems  now  under  discussion.  However,  when  the 
previous  apparatus  was  used  the  situation  was  different.  For  that 
apparatus  the  systems  calculated  were  air:Frcon- 1  i3,  air:FMon->12, 
and  air:air.  If  the  molecular  weight  of  the  driving  gas  is  the  control¬ 
ling  factor,  we  should  expect  the  first  of  these  three  systems  to  show 
the  least  friction;  the  second  should  be  next;  and  the  third  should 
•how  the  most  friction.  Actually  the  system  that  should  show  the 
most  friction  shows  the  least;  the  other  two  are  in  the  expected 
relative  order.  A  comparison  of  this  sort  leaves  several  factors 
out  of  account;  it  could  be  refined  by  calculating  Reynolds  numbers 
and  getting  friction  coefficients  from  them.  However,  this  would 
require  assumptions  regarding  flow  patterns  in  the  mixing  tube  and 
will  not  be  undertaken  at  this  time. 

Comparison  of  losses  at  different  entrainment  ratios.  Limiting 
our  comparisons  to  runs  on  the  same  system  and  with  the  same 
apparatus,  but  at  more  than  one  entrainment  ratio,  there  are  three 
groups  of  runs  to  be  examined.  No  pattern  of  dependence  of  friction 
on  entrainment  ratio  emerges.  In  one  case  (runs  16  and  49)  friction 
decreased  as  entrainment  ratio  increased.  In  another  case  (runs 
19  and  23)  the  opposite  occurred.  In  the  third  case  (runs  91,  93,  98, 
and  105)  friction  decreased  as  entrainment  increased,  but  the  effects 
were  small  and  uncertain  in  the  case  of  runs  93  and  98. 
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7.  Efficiency  as  Influenced  by  Ejector  Geometry 

The  geometry  of  a  jet  compressor  is  much  more  difficult  to 
tiary  than  most  of  the  other  parameters  that  we  have  investigated. 

To  vary  the  geometry  significantly  one  usually  has  to  build  a  new 
apparatus,  or  at  least  substitute  some  rew  parts  in  his  apparatus. 
Three  geometries  have  now  been  investigated  ir  this  laboratory, 
employing:  (a)  the  present  apparatus,  (b)  the  apparatus  described 
in  reference  (1)*  and  (c)  the  appar.t’us  described  in  reference  (3). 
Data  obtained  with  the  last- mentioned  of  these  are  given  in 
reference  (4). 

The  highest  efficiency  attained  with  the  present  apparatus  is 
0.173,  at  a  comptession  ratio  Pf/P;,  cf  1.130,  using  the  system 
He:Freon-113  at  an  entrainment  ratio  of  0.  0201  and  operating  in 
the  mixed  regime.  The  highest  efficiency  reached  in  the  supersonic 
regaane  was  i|8  0.  i24  at  a  compression  ratio  of  1.  510,  using  the 

same  system  at  an  entrainment  ratio  of  0.  0078. 

The  highest  efficiency  reached  with  each  system  of  gases, 
using  3  different  apparatuses,  is  shown  in  Fig.  3.  In  the 
first  investigation  (3,4)  we  obtained  our  highest  efficiencies  and 
lowest  compression  ratios.  In  the  second  we  got  lower  efficiencies 
and  higher  compression  ratios.  The  present  investigation  we  expected 
to  be  an  additional  step  in  the  same  direction,  instead  the  present 
apparatus  has  given  compression  ratios  and  efficiencies  roughly 
equal  to  those  obtained  in  the  second  one.  The  results  obtained 
with  it  have  helped  us  to  understand  ejector  behavior,  but  have  not 
otherwise  brought  us  much  nearer  to  our  goal  of  increased  efficiency. 

In  the  three  geometries,  the  area  A;/Ar;  has  been  progressively 
decreased.  In  the  last  two  apparatuses,  which  are  easiest  to 
compare,  many  dimensions  were  left  cor  stant,  but  A^  was  reduced 
by  half.  The  driving-fluid  channels  w'ere  the  same  'n  the  two 
apparatuses,  within  the  accuracy  of  ordir.i.ry  machire- shop  con¬ 
struction.  The  lengths  of  the  two  mixing  tubes  were  almost  equal, 
but  the  last  one  had  only  2/3  the  cross- section  area  of  the  previous 
one,  so  it  had  a  greater  length- to- a^^ea  ratio.  This  made  it  easier 
for  us  to  observe  certain  phenomena  than  it  had  been  ir.  the  previous 


25 


apparatus.  It  is  probable  that  a  shorter  mixing  tube  in  the  present 
apparatus  would  have  given  somewhat  higher  efficiencies. 

Perhaps  the  most  promising  method  of  increasing  compression 
ratios,  and,  hopefully,  avoiding  any  loss  in  efficiency,  is  one 
we  have  not  yet  tried,  it  is  to  increase  the  expansion  ratio  of  the 
driving- fluid  nozzle  without  changing  the  total  cross  section  of  the 
mixing  tube.  However,  there  are  so  many  interacting  processes  in 
a  jet  compressor  that  one  is  never  quite  sure  what  results  a  new 
apparatus  will  give. 

8.  Conditions  Associated  with  the  Onset  of  Separation 

The  pressures  of  the  two  streams  of  gas  as  they  first  come 
in  contact  in  a  jet  compressor  are  of  considerable  interest.  In 
"constant-pressure  mixing"  these  two  pressures  are  equal  and 
remain  so  as  f  ixing  proceeds.  In  "  under>>expansion"  the 
driving  fluid  has  the  higher  pressure,  and  m  "  ever- expansion" 
the  driven  fluid  has  the  higher  pressure. 

Pressures  at  the  mixing-tube  entrance.  Figures  4  and  5 
show,  for  runs  91  and  210  respectively,  the  pressure  P5  of  the 
driving  gas,  and  the  pressure  P^  of  the  driven  gas,  both 
measured  by  wall  taps  at  the  cross  section  where  the  two  streams 
first  come  in  contact.  The  abscissa  is  the  outlet  pressure  Pg; 
in  a  normal  run  we  start  at  low  Pg  and  proceed  upward.  As  Pg 
increases,  P5  and  P^  at  first  remain  constant.  In  run  91  (air: 
Freon-  i2,  a  =  0.  0320) ,  Pg  begins  to  rise  almost  linearly  at  Pg  = 

38  mm  Hg.  The  break  in  the  curve  of  Pg  is  related  to  the  transition 
from  the  supersonic  to  the  mixed  regime,  for,  as  discussed  in 
(  i),  the  supersonic  regime  is  characterized  by  an  independence  of 
upstream  conditions  from  changes  in  downstream  conditions. 

As  Pg  increases  above  38  mm  Hg,  Pg  increases  with  it,  and 
at  about  Pg  =  40  mm  Hg.  the  pressure  P5  of  the  driving  fluid  begins 
to  rise.  There  is  a  small  drop  in  P5  before  the  rise  begins,  but 
this  may  be  experimental  error.  The  beginning  of  the  rise  in  Pg 
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signals  the  transition  from  the  "mixed  regime"  to  the  "mixed 
regime  with  separation"  .  In  the  present  instance  the  mixed 
regime  (without  separation)  existed  only  between  Pg  =  38  and 
Pg  =  40,  but  under  other  experimental  conditions  1^  regime  can 
persist  over  a  longer  range. 

In  run  210  ( HeiFreon- 1 13,  ^  =  0.  00895),  P^  was  greater  than 
P§  even  at  the  lowest  values  of  Pg;  this  is  shown  in  Fig.  5.  The 
two  curves  were  initially  horizontal  and  parallel  as  we  expect  them 
to  be  in  the  supersonic  regime.  Departures  from  strictly 
horizontal  paths  are  believed  to  be  due  to  unsteady  conditions  as 
the  run  was  started;  the  entrainment  ratio  was  changing  in  this 
period  more  than  usual.  Near  Pg  =  63  mm  Hg,  Pg  becomes 
larger  than  Pg  and  remains  higher  until  P^  reaches  about  71  mm  Hg. 

In  run  91a  similar  phenomenon  occurs  near  Pg  =  60  mm  Hg.  but 
the  curves  of  Pg  and  Pg  approach  each  other  without  crossing.  This 
behavior  was  observed  in  several  other  runs,  but  only  in  run  210 
did  the  two  curves  actually  cross.  The  cause  of  this  rise  in  Pg 
relative  to  Pg  is  not  known. 

Pressure  ratio  required  to  cause  separation.  Referring  to 
Figs.  4  and  5,  as  long  1^  Pg  and  P^  remain  cor  stant  their  ratio 
will  remain  constant.  This  behavior  is  characteristic  of  the 
supersonic  regime.  Eventually,  the  increase  in  Pg  causes  the 
supersonic  regime  to  give  way  to  the  mixed  regime.  At  this 
point  the  pressure  P^  comes  into  communication  wi*h  Pg  and  starts 
to  rise.  A  little  later  (usually)  the  mixed  regime  gives  way  to  the 
mixed  regime  with  separation,  and  Pg  starts  to  rise  along  with  Pg. 

The  ratio  Pg/P»  is  plotted  for  runs  91  and  ?!0,  in  Figs.  4  and  5, 
respectively;  it  is  the  top  curve  in  each  figure.  In  run  210,  there 
is  no  substantial  rise  in  Pg/Pg  just  before  separation  begins;  this 
can  be  understood  if  we  assume  that  separation  begins  almost 
simultaneously  with  the  end  of  the  super  son:.'  regime.  For  run  9i, 
the  maximum  value  of  Pg/Pg,  reached  just  as  separation  begins, 
is  1.  126.  For  runs  93  and  105,  the  values  c.f  Pi/Pg  at  the  onset  of 
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•epar#tiM|i  Were  1.138  and  1. 132  respectively.  For  run  98, 
••pAration  was  present  at  all  values  of  P|.  For  run  210  the 
highest  value  occurs  well  after  separation  has  begun;  the  somewhat 
lower  value  at  the  onset  of  separation  is  1. 160. 

All  of  the  values  of  P4/P5  at  separation  given  above  are  quite 
low;  other  investigators  have  found  values  as  high  as  2.  5.  In  our 
previous  work  ( 1)  we  also  found  that  separation  occurred  at  very 
low  values  of  P^/P^t  and  suggested  that  this  might  be  due  to  the 
small  dimensions  of  our  apparatus,  which  would  increase  the 
importance  of  the  boundary  layer.  If  this  explanation  is  correct, 
it  should  apply  even  more  to  the  present  results,  for  the  present 
apparatus  is  still  smaller  than  the  previous  one. 

Above  the  value  of  P|  at  which  separation  begins,  the  curves  of 
Pi/Pf  show  some  oscillations  whose  cause  is  unknown. 

Extent  of  separation.  According  to  our  model  of  separation, 
the  separated  flow  occupies  a  fraction  x  of  the  area  A|  of  the 
driving-nozzle  exit.  This  fraction  is  calculated  from  the  observed 
lalues  of  P|,  by  a  method  described  in  reference  (  1) .  This  method 
is  such  that  the  average  value  of  x  prior  to  separation  is  made 
equal  to  1.  The  values  of  x  calculated  for  runs  9l  and  2i0  are 
shown  in  Figs.  4  and  5  respectively.  For  run  9i  the  curve  rises 
slightly  above  i  just  before  separation  begins.  We  do  not  know 
whether  to  attribute  this  to  experimental  error  or  to  some  actual 
change  in  conditions.  The  true  value  of  x  cannot,  of  course,  exceed 
1. 


The  calculated  values  of  x  depend  on  the  assumptions  made  and 
should  be  considered  as  approximate  values  only.  Near  x  =  1  our 
picture  may  be  a  fairly  good  approximation  to  actual  conditions, 
but  when  x  is  far  below  1  our  assumptions  may  be  much  farther 
from  the  truth. 

9.  Regimes  of  Flow  and  the  Second  Maximum, 

In  reference  v  1)  we  described  four  regimes  of  flow  in  a  jet 
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compressor:  the  supersonic  regime,  the  mixed  regime,  the  mixed 
regime  with  separation,  and  the  saturated  supersonic  regime.  These 
regimes  help  us  to  explain  the  processes  that  occur  in  an  ejector, 
but  the  picture  that  they  give  is  not  yet  complete. 

For  example,  we  mentioned  in  section  3  of  this  report  that  two 
maxima  often  occur  in  the  curve  of  compression  ratio  (P1/P3) 
versus  outlet  pressure  (Pg).  The  first  maximum  is  explained  by  our  4- 
regime  picture,  but  the  seoond  one  is  not.  Our  data  will  now  be 
examined  with  respect  to  the  4- regime  picture  and  attempts  will  be 
made  to  supplement  it  where  necessary. 

Referring  to  the  curve  of  P%/P%  in  Fig.  a,  consider  what  happens 
as  Pg  is  raised.  First  there  is  a  steep  rise  in  the  supersonic 
regime,  while  P3  remains  constant.  According  to  our  picture, 
the  mixing  tube  is  at  some  cross  section  entirely  filled  with  super- 
sonicvflow.  This  isolates  the  upstream  flow  from  the  downstream 
flow  and  P3  remains  constant.  At  the  first  maximum  the  isolation 
begins  to  break  down,  and  at  some  more  or  less  arbitrary  point  on 
the  downward  slope  ofithe  peak  the  mixed  regime  is  established. 

The  coupling  between  Pg  and  Pj  is  now  close,  the  two  pressures  rise 
together,  though  not  necessarily  at  just  the  same  rate. 

Usually  (in  our  experiments)  the  mixed  regime  without  separa¬ 
tion  exists  only  over  a  narrow  range  of  Pj  before  it  gives  way  to 
the  mixed  regime  with  separation.  The  separation  occurs  of  course 
in  the  diverging  part  of  the  driving- gas  nozzle. 

The  second  maximum .  As  the  outlet  pressure  Pg  is  raised 
further,  the  compression  ratio  in  Fig.  1  reaches  a  minimum  value 
and  then  rises  to  its  second  maximum.  Between  the  minimum 
and  the  second  maximum  the  change  :r.  P3  is  quite  small,  as  may 
be  seen  by  comparing  the  curve  with  the  dashed  lines  representing 
constant  values  of  Pj. 

Additional  examples  of  second  maxima  in  P^/P;  are  shown  in 
Fig.  7.  This  is  a  reproduction  of  the  lower  part  of  one  of  our 
original  graphs.  Although  some  detail  is  not  visible,  a  whole 
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Fig.  7.  Reproduction  of  the  lower  part  of  original  graph  of  compression  ratio 
versus  outlet  pressure*  showing  all  runs  on  the  system  He:Freon- 1 13. 
Many  runs  show  second  maxima,  lying  between  the  dashed  lines  P3  =  40 
and  P3  s  50. 


family  of  second  maxima  may  be  seen  near  the  middle  of  the  figure. 
The  rising  portions  of  these  lie  within  a  narrow  range  of  values 
of  Pj  ranging  from  43  to  45  mm  Hg.  Note  that  the  curve  of  Pg/P} 
shown  in  Fig.  1  is  also  included  in  Fig.  7. 

Examples  of  second  maxima  obtained  in  our  previous  investiga¬ 
tion  may  be  seen  in  Fig.  3  of  reference  (1).  It  was,  in  fact,  some¬ 
what  easier  to  obtain  two  maxima  with  the  previous  apparatus  than 
with  the  present  one.  These  maxima  were  noticed  at  the  time  of 
our  previous  work,  but  not  much  was  said  about  their  probable 
cause. 

Conditions  under  which  second  maxima  are  cbsetved.  From  the 
figure  just  referred  to,  and  from  Fig.  7,  it  may  be  seen  that  two 
maxima  in  the  compression  ratio  are  present  only  for  an  inter¬ 
mediate  range  of  entrainment  ratios.  At  very  low  or  zero 
entrainment  only  the  first  maximum  is  present,  and  at  hij^ 
entrainment  ratios  only  the  second  maximum  is  present. 

Curves  showing  both  maxima  were  most  easily  obtained 
with  the  systems  He:Freor_- 113  and  air:Frcon- 11 3.  The  system 
air:Freon-l2  showed  both  maxima  very  plainly  in  the  previous 
apparatus;  in  the  present  apparatus  the  runs  of  low  entrainment 
showed  the  first  maximum  clearly,  the  runs  of  hi  gl'  entrainment 
showed  the  second  maximum  clearly,  but  only  a  few  runs  of 
intermediate  entrainment  showed  both  maxima.  All  other  systems 
showed  only  faint  indications,  or  none,  of  mere  than  ore  maximum. 

The  systems  showing  both  maxima  strongly  all  have  a  small 
molecular-weight  ratio  Wj/Wj;  these  are  the  systems  that  have  been 
found  to  give  high  ejector  efficiencies.  However,  a  favorable 
molecular- weight  ratio  does  not  necessarily  insure  that  both  maxima 
will  appear.  The  systems  H£:C02  and  He:air  both  have  small 
molecular-weight  ratios  but  do  not  show  two  maxima. 

Different  manifestations  of  choking.  It  wae  mentioned  earlier 
that  choking  could  be  considered  as  a  possible  cause  of  the  rise  of 
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the  compression  ratio  to  its  second  maximim.  Several  forms  of 
choking  are  already  known  to  be  present  in  the  ejector;  they  will 
be  listed  so  that  they  will  not  be  confused  with  the  kind  of  choking 
that  aiL'y  cause  the  second  MKitnm  First  there  is  choking  of  the 
flow  of  driving  gas  at  the  throat  of  the  driving  nozzle.  Second 
there  is,  in  the  supersonic  regimCf  choking  of  the  combined  flow 
of  the  two  streams  when  the  driving  stream  has  accelerated  the 
driven  stream  so  that  alL  the  flow  is  either  supersonic  or  sonic; 
we  do  not  know  at  just  what  plane  in  the  mixing  tube  this  occurs. 

Third,  there  may  be^  in  the  mixed  regime,  choking  at  the  exit 
of  the  mixing  tube,  when  the  outlet  pressure  Pg  is  low  enough. 

The  rise  to  the  second  maximum  is  not  caused  by  any  of  the 
three  forms  of  choking  listed  above.  The  second  maximum  occurs 
in  the  mixed  regime  or  the  mixed  regime  with  separation,  and  the 
velocity  Uf  (calculated  one-dimensionally  on  the  assumption  that 
the  two  streams  are  fully  mixed)  at  the  mixing  tube  exit  is  typically 
about  half  of  the  sonic  velocity  c*  .  Inspection  of  the  pressures  of 
the  two  streams  in  the  region  where  mixing  begins  shows  that  the 
rise  of  Pf/Pf  to  its  second  maximum  is  associated  with  a  chmge 
in  the  pressure  pattern  of  the  driving  stream.  The  driven  stream 
is  not  much  affected,  at  least  at  the  points  where  pressure  taps 
are  located.  Af  Pg/Ps  rises  to  its  second  maximum,  the  pressure 
P§  at  the  driving- nozsle  exit  rises  more  or  less  steadily,  but  the 
pressure  at  the  next  station  downstream  (tap  g)  on  the  driving-gas 
side  of  the  mixing  tube#  experiences  an  opposite  change,  in  some  cases 
at  least. 

A  possible  explanation.  The  observed  behavior  can  be 
qualitatively  explained  if  we  assume  that  the  driving  stream  is 
undergoing  a  shock  in  which  its  pressure  rises,  and  that  during 
the  rise  of  Pg/Pg  to  the  second  maximum  the  pressure  ratio  across 
this  shock  decreases.  This  weakening  of  the  shock  and  reduction  of 
shock  loss  will  result  as  the  plane  of  separation  within  the  driving- 
gas  nozzle  is  pushed  upstream.^  We  know  that  the  loss  in  available 
energy  caused  by  aTRdcirdi^eases  rapidly  as  the  supersonic 
velocity  appgroaches  c*  (weak  shocks  are  nearly  isentropic).  Henoe 

if  this  explanation  is  correct  the  velocity  u  of  the  separated  core 
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flow  mutt  be  tupertonic*  but  not  very  much  ao.  Our  model  of  the 
separated  flow  permits  ugx  to  be  calculated,  but  the  model  is  only 
an  approximation  and  the  calculated  values  of  may  be 
substantially  in  error.  However,  the  calculated  values  do  not 
conflict  with  the  explanation  of  the  second  maximum  given  above; 
this  is  considered  reassuring. 

Oblique  shocks  may  be  expected  within  the  separated  core  of 
driving  gas.  These  will  originate  at  the  plane  of  separation  and 
will  extend  across  the  core.  As  the  plane  of  separation  is  pushed 
upstream«  an  oblique  shock  might  at  first  clear  the  web  that  divides 
the  two  streams  and  later  it  might  be  reflected  by  the  web.  While 
the  change  from  one  condition  to  the  other  took  place,  it  is 
conceivable  that  Pg/Pj  could  remain  constant  or  nearly  so.  This 
picture  is  not  plausible  if  the  core  flow  has  separated  from  the  web. 
However,  separation  might  occur  at  the  bottom  of  the  channel 
(which  is  the  only  diverging  wall)  and  not  at  the  other  walls. 

Effects  of  oblique  shocks  can  be  expected  to  be  quite 
noticeable  when  the  entire  driving* nozzle  outlet  is  supersonic, 
but  separation  is  incipient,  with  Pg/P^  somewhat  greater  than  1. 
This  condition  occurred,  however,  at  lew  values  of  p..  before 
the  second  maximum  was  reached.  Although  the  number  of  runs 
for  which  separation  was  actually  calculated  was  not  great,  none 
of  them  showed  second  maxima  until  after  separation  was  well 
established. 

Since  the  mechanism  that  produces  second  maxima  is  not  fully 
understood,  we  cannot  assume  that  second  maxima  would  be  found 
in  a  jet  compressor tof  axial  symmetry;  it  is  possible,  though  not 
probable,  that  the  side-by-side  geometry  of  our  apparatus  was 
important  in  producing  the  second  maxima. 

The  nature  of  the  mechanism  that  limits  the  flow  of  driven  gas 
while  the  rise  to  the  second  maximum  in  Pg/Pj  occurs  is  nor. 
known.  Perhaps  the  driven  gas  actually  becomes  sonic.  Perhaps 
the  driven  fluid  remains  subsonic,  but  the  combinaticn  of  a  subsonic 
and  a  supersonic  stream  side/by-side  behaves  like  a  single  sonic 
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Rior«  or  !•••  «■  dttcribod  by  Poarton*  Holliday* 
and  Smith  ( i)  • 

A  naw  bar  with  flow  chanaals  similar  to  thoss  used  in 
rslerence  ( 1)  has  bean  built.  In  it  the  mixing  tube  discharges 
directly  into  a  much  larger  channel;  there  is  no  tapered  diifueer. 
The  mixing  tube  can  be  shortened  (irreversibly)  by  placing 
the  bar  in  a  milling  machine  and  extending  the  large  channel 
farther  upetrenm.  Ful&er  discussion  of  second  maxima  and 
flow- limiting  processes  will  be  deferred  until  data  taken  with 
the  new  apparatus  are  analysed. 
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